Inherited defects in Toll-like receptor (TLR) 6 signaling lead to primary immune deficiency. Recent work has characterized defects in components of the TLR signaling cascade, including MyD88, TIRAP, and the kinases IRAK1 and IRAK4 (1) (2) (3) . Interleukin receptor-associated kinase 4 (IRAK4) is a central kinase in innate immunity that controls responses to viral and bacterial pathogens as well as products of sterile inflammation. Homozygous loss of IRAK4 or MyD88 expression leads to autosomal recessive primary immune deficiency (PID), a narrow set of Gram-negative bacterial infections but not viral or fungal infections in humans (1, 4) . Both humans and mice lacking IRAK4 expression do not respond to challenge from ligands for Toll-like receptors or IL-1 and IL-18 and are resistant to septic shock. Heterozygotes are normal, indicating that a single copy of the WT allele is sufficient for activity.
IRAK4 has two well-characterized domains: an N-terminal death domain, which is a homotypic binding domain that binds to other death domain-containing proteins, and a C-terminal serine-threonine kinase domain. Ligation of Toll-like receptors or IL-1 family receptors by their cognate ligands induces receptor dimerization, which causes aggregation of the TIR domains located on the cytoplasmic side of the receptors. This TIR aggregation forms a platform for other adaptor proteins, chiefly MyD88. MyD88 contains an N-terminal TIR domain that interacts with other TIR domains and a C-terminal death domain. Clustering of MyD88 then recruits IRAK4 through death domain interactions to the receptor complex, known as the myddosome. The IRAK4 -MyD88 complex then recruits the kinases IRAK1 and IRAK2 to the myddosome. IRAK1 subsequently becomes modified by phosphorylation and ubiquitination, which is readily observed by a mobility shift upon Western blotting (5) . The three-dimensional crystal structure of the myddosome has been solved with the death domains of MyD88 and the IRAK4 and IRAK2 kinases showing an exquisite symmetric architecture that demonstrates the cooperativity of the complex and its role in potentiating signaling (6) .
We have shown that IRAK4 trans-autophosphorylates to become a fully active kinase and that the death domain is important in regulating kinase activity in the cell (7) . Subsequently, this was shown by crystallography (8) . Thus, the formation of the myddosome controls the autophosphorylation of IRAK4. Therefore, it follows that the autophosphorylation of IRAK4 fully activates the kinase to phosphorylate downstream substrates.
The role of IRAK4 kinase activity in the control of TLR and IL-1 receptor-induced cytokines is the subject of much interest, as IRAK4 kinase inhibitors are potential therapeutics for inflammatory diseases and cancer (9) . However, in vitro experiments show that overexpression of kinase-inactive IRAK4 can still reconstitute IL-1-induced NF-B activation in IRAK4 kinase-deficient fibroblasts (10) . Additionally, we have shown that whereas complete inhibition of IRAK4 autophosphorylation has minimal effects on IL-1-induced cytokines and MAPK and NF-B signaling, it has profound effects on TLR-induced cytokines (7) . Recently, we demonstrated that cytokines produced by TLR signaling in monocytes are controlled by the IRAK4 kinase-dependent activation of the transcription factor IRF5 (11) . However, the precise role of IRAK4 in IL-1 signaling is still not completely understood.
Due to its central role in mediating inflammation, IL-1 has been the subject of investigation and therapeutic intervention for many years (12) . Use of anti-IL-1 antibodies has been shown to be of therapeutic benefit in several diseases, notably cryopyrin-associated periodic syndromes, juvenile rheumatoid arthritis, and cardiovascular disease (12) . The IL-1 receptor is expressed mainly on nonmyeloid cells, such as fibroblasts, epithelial cells, and endothelial cells. IL-1 is produced by monocytes and macrophages upon detection of pathogens through TLRs, which are mainly expressed on myeloid cells. Activation of the IL-1 receptor then causes the secretion of cytokines and the up-regulation of cell adhesion molecules that are essential to the inflammatory response in nonmyeloid cells. Due to the observed differences of the role of IRAK4 kinase activity in TLR and IL-1 signaling, we focus here on analyzing the role of IRAK4 in IL-1 signaling separately from TLR signaling.
To better understand the differential contributions of IRAK4 scaffolding and the kinase activity in IL-1 signaling, we characterized the expression and biochemical activities of two naturally occurring variants, G298D (4) and the compound mutant R12C/R391H/T458I (13) . In both cases, the patients carry one null allele for IRAK4 and a mutated copy of the full-length protein. As one copy of IRAK4 is sufficient for normal innate immune function in humans, we initially sought to understand the molecular defects of these two variants that lead to innate immune deficiency. As both proteins contain mutations in the N-terminal kinase domain, we determined whether abnormal kinase activity was the reason for the phenotype of loss of signaling. Next, we examined the ability of the variants to form complexes in the cell with the components of the myddosome to determine whether loss of myddosome formation was the reason for loss of function. Further, we quantified the ability of these variants to reconstitute signaling and IL-1-induced cytokine production in IRAK4-deficient cells. Finally, we confirmed these findings in primary human fibroblasts using a selective IRAK4 inhibitor. We find that the IRAK4 kinase activity controls IL-1 signaling by regulating the formation and stability of the myddosome and that scaffolding function is essential for both assembly of the myddosome and IL-1 signaling.
Results

Functional characterization of WT, P15, and R12C variant cells
Human dermal fibroblasts from a healthy patient (WT), a homozygous IRAK4-null patient (P15) (14, 15) , and a patient carrying one null allele for IRAK4 and one full-length allele carrying the R12C compound mutation (R12C) (13) were characterized for their expression of IRAK4 and their responses to IL-1␤. As shown in Fig. 1A , the R12C dermal fibroblasts expressed an IRAK4 protein at the same molecular weight as that of the healthy (WT) control and at levels that, when quantitated and normalized to tubulin, were ϳ10 -20% that of the healthy control ( Fig. 1B) . No IRAK4 was detected in the P15 patient cells. Following stimulation by IL-1␤, cytokine and phosphoprotein responses were only observed in the healthy dermal fibroblasts, and no cytokine or phosphoprotein responses were observed in either the P15 or R12C patient cells ( Fig. 1, A and C) . This indicates that the IRAK4 protein in the R12C patient cells is nonfunctional.
Functional characterization of IRAK4 variant proteins
To further characterize the IRAK4 protein expressed in the R12C patient cells, total RNA was extracted and made into ssDNA by reverse transcriptase. This library was then used to clone IRAK4 using primers to the 5Ј-and 3Ј-ends of the ORF. Following sequencing, two forms of IRAK4 were isolated, a full-length form containing three missense mutations, R12C/ R391H/T458I (subsequently designated as the R12C compound mutation), and a form containing a premature stop codon at position 249 caused by a frameshift at position 240 that has been described previously (13) . To characterize the G298D mutation in the kinase domain of IRAK4 described previously (16), we inserted this mutation into a full-length WT IRAK4 by PCR mutagenesis. All of the full-length constructs were cloned with a C-terminal FLAG tag for ease of expression and isolation of the protein.
The R12C compound variant and G298D variant were overexpressed in COS7 cells along with WT and the kinase-inactive D329A variant. Proteins were purified by anti-FLAG antibody chromatography and assayed for expression via Western blotting and for kinase activity as described previously (7) and under "Experimental procedures." When the constructs were transfected at identical concentrations of 5 g of DNA per plate of COS7 cells, we observed that the R12C/R391H/T458I vari-
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ant was expressed at about 30 -50% of the WT protein when normalized to actin in the whole-cell lysate ( Fig. 2A ). The level of expression of the R12C variant correlates well with what is observed in the compound heterozygote R12C patient cell, which is 12% of the WT (Fig. 1B) . These data indicate that the R12C compound mutation is slightly less stable the WT protein. Importantly, the G298D variant was not detected in the cell lysate. Western blots of FLAG-immunoprecipitated protein showed that the G298D protein was expressed, but detection of the protein required immunoprecipitation of significantly more cell lysate (Ͼ10-fold) than either WT or the R12C compound variant (Fig. 2B ). This suggests that the G298D variant is highly unstable and is degraded rapidly.
We have previously shown that purified WT IRAK4 protein can undergo rapid autophosphorylation on its activation loop in the presence of 1 mM ATP and that these phosphorylation sites are easily detected by a phosphospecific antibody to pThr-345/pSer-346 of IRAK4 (7) . When FLAG immunoprecipitates of overexpressed FLAG-tagged IRAK4 variants were incubated with 1 mM ATP for 1 h, neither the G298D nor the D329A kinase-inactive variant were able to autophosphorylate as detected by Western blotting of phosphorylated IRAK4 (Fig.  2B ). However, both WT and the R12C compound variant robustly autophosphorylated in the presence of 1 mM ATP (Fig.  2B ). These data demonstrate that the G298D variant, like the D329A variant, lacks kinase activity, whereas the R12C compound variant possesses WT kinase activity. To precisely determine the kinase activity of the variants, we overexpressed and purified the full-length R12C compound variant, the WT, and D329A variant from COS7 cells by FLAG immunoprecipitation. Kinase activity was determined by the DELFIA kinase assay described under "Experimental procedures" and previously (7) . For each kinase assay, levels of IRAK4 protein were determined by Western blotting against a standard curve of recombinant IRAK4 to normalize kinase activity to protein concentration across experiments. In these assays, the R12C Figure 1 . Characterization of IRAK4 variant patient dermal fibroblasts. SV40-transformed human dermal fibroblasts were stimulated with 10 ng/ml IL-1␤ and assayed for phosphoprotein expression and cytokines (WT homozygote (WT); IRAK4-null homozygote (P15), and R12C.R391H.T458I/IRAK4-null heterozygote (R12C)). A, immunoblots of whole-cell lysates at the indicated times of IL-1␤ stimulation. The blot is representative of three independent experiments. B, quantitation of IRAK4 expression as determined by immunoblot in A and normalized to tubulin. C, measurement of secreted IL-8 following 4 h of IL-1␤ treatment. Data reflect the mean of three independent experiments, significance determined by one-way analysis of variance. NS, not significant. Error bars, S.D. compound variant unexpectedly showed 50% higher activity than the WT protein ( Fig. 2C ). As expected, the D329A did not show any activity when assayed at levels equivalent to WT. We were unable to accurately determine the kinase activity of the G298D variant due to its low expression levels, but given its inability to autophosphorylate, it is likely that the lack of kinase activity is due to the protein being misfolded.
Taken together, these data demonstrate that the G298D IRAK4 variant is kinase-inactive, unstable, and likely unfolded and that the R12C compound variant is enzymatically active and properly folded, albeit with slightly reduced stability compared with the WT protein. Analysis of the crystal structure of the kinase domain explains the reason for the catastrophic nature of the G298D mutation and the relatively benign effects of the mutations R12C, R391H, and T458I. Fig. 3A shows the position of the R12C mutation in the N-terminal death domain and the mutations G298D, R391H, and T458I in the C-terminal kinase domain. The Gly-298 residue is deeply buried in a hydrophobic interface between two ␣-helices in the kinase domain ( Fig. 3B ). The substitution of a bulky and negatively charged aspartic acid for the neutral and smaller glycine would be expected to significantly disrupt the protein packing of the kinase domain. Yamamoto et al. (17) have also examined the G298D mutation and showed reduced expression. In contrast, the R12C, R391H, and T458I mutations occur near the surface of the protein and would not be expected to be highly destabilizing to the protein (Fig. 3 , C and D). It is likely that the reason for the loss-of-function phenotype in the G298D patient is that the protein is misfolded and rapidly degraded, thus behaving as a complete null allele. The cause of the loss of function of the R12C compound mutation is less clear. Despite the apparent stability and WT kinase activity of this variant, the expression level is ϳ10 -20% of the WT protein.
Functional reconstitution of IRAK4 variants in IRAK4-deficient cells
To determine the ability of the R12C compound mutation to form an active myddosome, we performed reconstitution experiments of IRAK4 variants in IRAK4-null (P15) dermal fibroblasts. To control the relative expression levels of overexpressed IRAK4 in IRAK4-deficient cells, we created adenoviral constructs for the WT, D329A, and R12C/R391H/T458I IRAK4 variants and were able to quantitatively control protein expression by titrating multiplicity of infection (MOI) of the virus. IRAK4-null dermal fibroblasts were infected at multiple MOIs to test the ability of the different variants to reconstitute 
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IL-1-induced cytokines, signaling, and the ability to interact with components of the myddosome. As shown in Fig. 4A , infection with increasing MOI of WT IRAK4 gave dose-dependent increases in IL-1-induced IL-8 production. Dose-dependent effects were also observed for the R12C compound mutation and D329A constructs, but at cytokine levels significantly lower than WT, indicating that both variants can reconstitute some degree of function at high levels of expression. A dose-dependent increase in protein expression levels with increasing MOI was verified and quantified by Western blotting (Fig. 4B ). There was no observed effect of empty virus in the IRAK4-null cells when treated with IL-1␤. When levels of cytokine induction were normalized for protein expression across multiple experiments, using IRAK4 expression levels quantitated from Fig. 4B , the kinase-inactive D329A variant reconstituted cytokine expression to ϳ50% that of WT (Fig. 4C ). The R12C compound variant was also able to reconstitute IL-1-induced IL-8 cytokine production to about 10 -15% of the WT, indicating that despite the lack of activity observed in the R12C patient dermal fibroblasts, this variant still retains some activity at high levels of expression.
We examined the ability of the IRAK4 variants to associate with components of the myddosome, the adaptor protein MyD88 and the kinase IRAK1, in IRAK4-deficient cells by immunoprecipitation. We infected the IRAK4-deficient cells to give equivalent expression of all of the variant proteins. Following FLAG immunoprecipitation and immunoblotting, it was found that overexpressed WT IRAK4 was constitutively autophosphorylated in unstimulated cells, as described previously (7) , and inducibly associated with both MyD88 and IRAK1 following 30 min of stimulation (Fig. 5A ). The R12C compound variant was also constitutively autophosphorylated, albeit at a lower level than WT, but it did not associate with either MyD88 or IRAK1 either constitutively or following IL-1 stimulation. This behavior is likely due to the change of the Arg to Cys in the R12C mutation, the arginine of which forms a critical salt bridge interaction with residue Glu-102 in MyD88 (see Fig. 3B and Lin et al. (6) . In support of this, Yamamoto et al. (17) demonstrated by analytical gel filtration and NMR titration that the R12C mutation in the IRAK4 death domain prevents association with MyD88. However, the fact that the R12C compound variant can still partially reconstitute IL-1induced IL-8 at high levels of expression indicates that there is some residual interaction between the R12C compound variant and the myddosome that can drive a low level of IL-1-induced signaling. It is likely that the observed loss of function in the R12C compound variant patient is due to both the reduced ability to bind MyD88 and the reduced expression of the protein.
As expected, the D329A kinase-inactive variant did not autophosphorylate, as previously reported (7) . Surprisingly, the D329A variant IRAK4 constitutively associated with MyD88 in the absence of IL-1␤ stimulation (Fig. 5A ). However, the IL-1induced association of the IRAK4 D329A variant with IRAK1 
was significantly attenuated compared with WT ( Fig. 5A ). Furthermore, levels of modified IRAK1 were reduced by the kinase-inactive IRAK4, indicating that IRAK4 kinase activity is only partially responsible for IRAK1 modification and that IRAK4 scaffolding activity plays a major role in IRAK1 modification. These data demonstrate that IRAK4 kinase activity is important for modulating the interactions between MyD88, IRAK4, and IRAK1, with IRAK4 kinase activity strengthening the interaction between IRAK1 and IRAK4 and weakening the interaction between IRAK4 and MyD88.
We also analyzed the ability of the IRAK4 variants to reconstitute IL-1 signaling (Fig. 5B) . Reconstitution of IRAK4-defi-cient cells with WT IRAK4 restored IL-1-induced activation of JNK, p38, and components of the NF-B pathway. When expressed at approximately equivalent levels of IRAK4, as assessed by Western blotting, the R12C compound variant did not appear to reconstitute IL-1 signaling (Fig. 5B ). However, it is possible that higher levels of expression of the protein might produce detectable signaling given that high levels of expression partially reconstitute IL-1-induced IL-8 activity (see Fig.  4 ). Expression of the kinase-inactive D329A variant partially reconstituted signaling through NF-B and JNK compared with WT, consistent with the idea that the scaffolding function of IRAK4 alone can reconstitute some level of signaling, as A role for IRAK4 kinase activity in IL-1 receptor signaling shown in Fig. 4 and as observed previously using an IRAK4/1 dual inhibitor (7) .
Inhibition of IRAK4 in primary human dermal fibroblasts using a selective IRAK4 inhibitor partially inhibits IL-1-induced cytokines and phosphoprotein signaling
To confirm that the observations in the heterologous expression system are relevant to primary cells and not due to artifacts of overexpression of the constructs, we treated primary human neonatal dermal fibroblasts with 2 ng/ml IL-1␤ and monitored phosphoprotein signaling and cytokine release in the presence of the highly selective and potent IRAK4 inhibitor PF-06650833 (compound 40 in Lee et al. (18) ). A concentration of 200 nM PF-06650833, which completely suppresses IRAK4 autophosphorylation (see Fig. 6C ), was used to determine the maximum level of inhibition of IL-1␤-induced cytokines controlled by IRAK4 kinase activity. As is shown in Fig. 6 , maximal inhibition of IL-1␤-induced IL-6 and IL-8 cytokine (Fig. 6A ) and transcript (Fig. 6B ) is incomplete and is only suppressed by 50% of maximum induction. This replicates the observation in the IRAK4-null fibroblasts reconstituted with kinase-inactive IRAK4 (D329A), where maximal induction of IL-1-induced cytokine was approximately half of that induced by the WT protein ( Fig. 4 and 5) . In a previous publication (7), we reported that IL-1-induced cytokines were minimally impacted by an IRAK4 inhibitor at a concentration of 10 M. However, the inhibitor used in that study had poor physical properties and did not allow us to completely test its pharmacology. The inhibitor PF-06650833 has superior cell potency, is highly selective for IRAK4, and maximally covers IRAK4 at a concentration of 200 nM with no inhibition of other kinases, including IRAK1 (18) . Therefore, the data presented in this study substantiate our previous finding of partial inhibition of IL-1-mediated cytokine by an IRAK4 kinase inhibitor.
We tested the effects of 200 nM PF-06650833 on IL-1␤induced phosphoproteins over a time course of 1 h to better understand the effects of IRAK4 inhibition on signaling. As shown in Fig. 6C , the inhibitor completely blocked IL-1␤induced phospho-IRAK4 but had only minimal effects on the phosphorylation of p38, IKK␤, p65/RelA, JNK, and the modification of IRAK1. When levels of phosphorylation were quantified and normalized to total protein, the inhibitor appeared to slow the kinetics of phosphorylation and partially reduced levels of phosphorylation of IKK␤ and p65 (Fig. 6D) . The inhibitor did not appear to affect the phosphorylation of p38 or JNK kinases. We also note in Fig. 6C that the phosphorylation of p38, p65/RelA, IKK␤, and JNK precedes full phosphorylation of IRAK4. As we and others have described, IRAK4 becomes autophosphorylated following assembly of the myddosome by 
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transphosphorylation by another IRAK4 molecule (7, 8) . Thus, our data suggest that IRAK4 autophosphorylation is not required for early downstream signaling and that the early part of IL-1 signaling is largely IRAK4 kinase-independent and is likely mediated by the scaffold function of IRAK4. Thus, the reduction in cytokine observed in the presence of inhibitor may be due to the decrease in NF-B signaling but not p38 or JNK signaling. Other mechanisms of cytokine control by IRAK4 kinase activity are the subject of current study by our group.
Inhibition of IRAK4 in primary dermal fibroblasts affects the dynamics of the myddosome
We sought to recapitulate the effects of increased MyD88associated IRAK4 and decreased association of IRAK1 in kinase-inactive IRAK4 that we had observed in the reconstituted null IRAK4 cells in Fig. 5 . We treated primary human dermal fibroblasts with 2 ng/ml IL-1␤ in the presence of 200 nM PF-06650833 and immunoprecipitated endogenous IRAK4. We then immunoblotted for the MyD88 and IRAK1, as shown in Fig. 7A , and observed that MyD88 increased its association with unphosphorylated IRAK4, whereas IRAK1 association with unphosphorylated IRAK4 decreased as compared with WT IRAK4. These changes in association can be more clearly seen when IRAK1 and MyD88 are quantitated and normalized to levels of immunoprecipitated IRAK4 (Fig. 7B ). This behavior recapitulates the observation in the reconstituted IRAK4-null cells demonstrating that IRAK4 kinase activity controls the association with upstream and downstream proteins in the myddosome (Fig. 5) . Therefore, the decreased association of IRAK1 and other downstream effectors with unphosphorylated IRAK4 is likely the cause of the decrease of IL-1-induced cytokines in the presence of the inhibitor. In this context, the scaffolding function of IRAK4 controls the early induction and maintenance of signaling, whereas the kinase activity controls the signal strength by stabilizing the association with IRAK1 and other signaling molecules.
Discussion
IRAK4 controls IL-1 and TLR signaling based on both its scaffolding and kinase activities. IRAK4 forms a complex with 
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its adaptor protein MyD88 that serves as a scaffolding platform to promote IL-1 signaling and the production of pro-inflammatory cytokines. In this study, we characterized the molecular mechanisms underpinning IRAK4 variants in primary human immune deficiency and, through this work, define the role of IRAK4 kinase and scaffolding activity in IL-1 signaling.
Individuals with one copy of functional IRAK4 are phenotypically normal, whereas those lacking both functional copies have primary immune deficiency. Therefore, we examined the functional activity of two reported variants of IRAK4 that cause primary immune deficiency but have point mutations that lead to a full-length transcript. We initially undertook this work in hopes of defining mechanisms that lead to loss of function in the full-length protein.
The variant G298D is shown to be expressed at extremely low levels and is therefore functionally inactive. The reason for this is likely due to the catastrophic nature of the mutation, which introduces a bulky, negatively charged residue, aspartic acid, in place of the smaller neutral glycine, into a highly hydrophobic pocket buried in the kinase domain. Such a substitution is likely to cause instability in the folding of the protein, and hence the partially folded protein is likely removed by the unfolded protein response network and degraded. The second variant examined was the compound variant R12C/R391H/T458I that was isolated from patient fibroblasts. This variant protein had kinase activity higher than the WT, demonstrating that the mechanism of dysfunction is not due to loss of kinase activity. However, when expression was assessed by Western blotting in patient dermal fibroblasts or transfected at equivalent levels to WT, the R12C compound variant protein was expressed at 30 -50% that of the WT protein, indicating that the mutations reduced protein stability ( Figs. 1 and 2) . Therefore, the total expression of IRAK4 in the patient is about 25% of what would be expected in a WT individual. Dermal fibroblasts from this patient exhibited no cytokine or phosphoprotein response to IL-1␤ ( Fig. 1) . When reconstituted in IRAK4-null cells at high levels, the R12C compound variant was still able to partially reconstitute IL-1␤-induced cytokine responses but did not reconstitute detectable phosphoprotein responses ( Figs. 1 and  5) , indicating that the protein is still functional but has drastically reduced activity when compared with WT or the kinaseinactive variant. When expressed at high levels, the R12C com- 
pound IRAK4 variant was unable to associate with MyD88 or IRAK1 following stimulation with IL-1. This defect is likely due to the loss of the interaction of the Arg-12 side chain of IRAK4 with the Glu-102 side chain of MyD88 (Fig. 3) (6, 17) . Therefore, the loss of function for the R12C compound mutant is due to both loss of myddosome formation and low expression of the protein.
We also compared the ability of kinase-inactive IRAK4 (D329A) to form an IL-1-induced myddosome against both WT and the R12C/R391H/T458I variants in IRAK4-null dermal fibroblasts. Surprisingly, we found that the D329A kinaseinactive variant was significantly associated with MyD88 in both the unstimulated and stimulated human dermal fibroblasts, whereas interaction with IRAK1 was significantly reduced following stimulation with IL-1␤ when compared with WT protein (Fig. 5 ). We recapitulated these results in primary human dermal fibroblasts by immunoprecipitation of IRAK4 ( Fig. 7) , demonstrating that this behavior is not an artifact of overexpression of the protein. This result clearly demonstrates that IRAK4 kinase activity controls the dynamics of the myddosome, with nonphosphorylated IRAK4 associating preferentially with MyD88 and phosphorylated IRAK4 associating preferentially with IRAK1 and potentially other downstream effectors in IL-1 signaling. However, inhibition of IRAK4 kinase activity does not completely abrogate association of IRAK4 with MyD88 and IRAK1 because signaling and cytokine activity are both partially preserved in the absence of IRAK4 kinase activity (Fig. 7) .
We have previously observed that IL-1-induced modification of IRAK1 is not entirely IRAK4 kinase-dependent (5, 7) . Our data in this report confirm these observations and provide an explanation for the partial dependence on IRAK4 kinase activity. We propose that IRAK1 is not a direct substrate of IRAK4 and that IRAK1 modification is due primarily to the association with components of the myddosome. The kinase activity of IRAK4 increases the level of modification of IRAK1 by increasing the stability of the myddosome.
Interestingly, we observed a discrepancy between the amount of phosphorylated IRAK4 captured in the immunoprecipitate and the cell lysate. In the immunoprecipitate, phospho-IRAK reached a peak at 15 min and rapidly declined thereafter despite constant levels of total IRAK4 captured ( Fig. 7) . In the cell lysate, in contrast, the total level of phosphorylated IRAK4 reached a peak at 15 min and stayed constant over time (Fig. 6,  B and C) . This suggests that as phosphorylated IRAK4 aggregates in the myddosome, it becomes less able to be bound by the antibody because the epitope is being masked by other proteins in the complex. The time-dependent nature of this epitope masking also suggests that the formation of the myddosome is dynamic and changes over time.
We propose a model for how IRAK4 kinase activity controls IL-1 signaling, as presented in Fig. 8 . Upon engagement of the IL-1 receptor with its ligand, MyD88 forms a complex with the cytoplasmic domain of the receptor through the TIR domains. This scaffolding complex is then in the proper conformation to associate with the death domain of IRAK4 to form an early myddosome. This early myddosome does not form if the IL-1 receptor is not engaged by its ligand or, as in the case of the R12C compound variant, the death domain interaction between MyD88 and IRAK4 is disrupted. In this context, no signaling takes place. If the IRAK4 kinase activity is inhibited, a stronger complex forms between IRAK4 and MyD88, and a weaker complex forms between IRAK1 and IRAK4. The kinaseinactive complex is still able to signal, but the signal strength is reduced compared with the kinase-active complex due to the greater instability of the kinase-inactive complex. In support of this model, it has been shown that autophosphorylation of serine 8 in the death domain of IRAK4 can reduce association with MyD88, as this residue forms a critical interaction in the interface between the death domains of IRAK4 and MyD88 (2). In the unstimulated complex or the MyD88 interactionincompetent R12C IRAK4 variant (left), no myddosome is formed, leading to complete loss of IL-1 signaling. In the active complex (center) a myddosome is formed with weak association of IRAK4 and MyD88 and strong association of IRAK4 and IRAK1 that potentiates robust ubiquitination and phosphorylation of IRAK1 and strong downstream signaling from the IL-1 receptor. In the IRAK4 kinase-inhibited complex (right), a myddosome is formed where IRAK4 is strongly associated with MyD88 but weakly associated with IRAK1, which reduces ubiquitination of IRAK1 and decreases IL-1-induced signaling and cytokine production.
Other phosphorylation-dependent interactions are likely necessary for enhancing the stability of downstream effectors with IRAK4. Our model explains the partial efficacy observed with selective IRAK4 kinase inhibitors or kinase-inactive knock-ins in IL-1 signaling and demonstrates that a function of IRAK4 kinase is to control phosphorylation-dependent equilibrium between components of the myddosome to regulate IL-1 signal strength.
Our hypothesis explains the observation that the kinase activity of IRAK4 is not essential for IL-1-induced signaling in human cells (10, 19) . In the context of IL-1 signaling, IRAK4 kinase activity controls the stability of the myddosome and regulates signal strength. Clearly, loss of IRAK4 protein or inhibition of IRAK4 interaction with MyD88 has a more profound impact on IL-1-induced cytokines than loss of IRAK4 kinase activity.
In the presence of an IRAK4 inhibitor, both IL-1-induced cytokine transcript and protein levels are reduced equivalently by about half compared with DMSO control (Fig. 6, A and B) . The kinetics and peak phosphorylation of p65/RelA and IKK␤ are partially reduced in the presence of an IRAK4 inhibitor, but activation of p38 and JNK are not affected (Fig. 6D ). It is possible that this attenuated NF-B signaling due to inefficient myddosome formation is responsible for the partial reduction in cytokine production.
Whereas we restrict this study to IL-1 signaling, it is important to consider that IRAK4 plays a critical role in Toll-like receptor signaling. We have previously reported that IRAK4 inhibitors block TLR-induced cytokines in human monocytes with greater efficacy than they block IL-1-induced cytokines in human fibroblasts (7) . This suggests that Toll receptor signaling is more dependent on IRAK4 kinase activity than is IL-1 signaling. The differences in the role of IRAK4 between Toll receptor and IL-1 receptor are not clear at this time and are the subject of active investigation by our group. A better understanding of the role of IRAK4 scaffolding versus kinase activity between different IRAK4-dependent receptors is critical for delineating the pharmacology of, and determining potential indications for, IRAK4 inhibitors.
Experimental procedures
Cloning of variants of IRAK4
Total RNA was purified from SV40-transformed human dermal fibroblasts from healthy (WT) and IRAK4-deficient patients (13, 15) . Single-strand cDNA libraries were created from total RNA via reverse transcriptase using poly(dT) primers using the high-capacity cDNA reverse transcription kit from Thermo Fisher Scientific by according to the manufacturer's directions. IRAK4 was cloned via PCR using DNA primers containing AttB sites for the 5Ј-and 3Ј-ends of the ORF for human IRAK4 (NP_001107654). The 3Ј primer also carried a FLAG tag sequence to facilitate immunoprecipitation detection and immunoprecipitation. PCR fragments were recombined into Gateway entry vector pDONR 201 (Invitrogen) according to the manufacturer's directions. Sequence-verified clones were further recombined into adenoviral or eukaryotic expression vectors via Gateway (Invitrogen) cloning for expres-sion. The G298D and D329A mutations were created by PCR mutagenesis as described previously (7, 20) .
Antibodies and Western blotting
The antibodies used were pIRAK4 (pThr-345/pSer-346) rabbit monoclonal (7) Buffer (LI-COR Biosciences) for 1 h at room temperature and then incubated overnight in primary antibody at 4°C. Membranes were washed four times for 5 min each in 1ϫ PBS-T, incubated in secondary antibody for 1 h at room temperature, washed again four times for 5 min each in PBS-T, rinsed in PBS, and imaged on an Odyssey CLx imager (LI-COR Biosciences). Protein levels were quantified using Image Studio version 4.0 (LI-COR Biosciences).
Expression and activity determination of IRAK4 variants
IRAK4 mutant DNA in the eukaryotic vector pcDNA3-DEST40 (Invitrogen) was transfected into COS7 cells at 5 g of DNA/10-cm tissue culture plate using Lipofectamine 2000 (Invitrogen) and incubated for 72 h in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum supplemented with glutamine as directed by the manufacturer and described previously (7) . Cells were lysed in Triton lysis buffer (1% Triton X-100, 20 mM HEPES, pH 7.4, 100 mM NaCl) containing protease inhibitors (Sigma) at 4 ºC. Cell lysates were immunoprecipitated with anti-FLAG M2 beads (Sigma) washed extensively in lysis buffer and eluted with 200 g/ml FLAG peptide (Sigma) in 10 mM HEPES, pH 7.4, with 150 mM NaCl. Eluates were dialyzed 1:1000 against 20 mM Tris-HCl, pH 7.5, 150 mM NaCl to remove FLAG peptide. Concentration of protein was determined via Western blotting against a standard curve of recombinant IRAK4. Kinase activity was determined by preincubating with 2 mM ATP in a kinase reaction buffer of 20 mM HEPES, pH 7.5, 5 mM MgCl 2 , 0.0025% Brij for 1 h at 25 ºC. The autophosphorylated IRAK4 protein was incubated with 200 nM peptide (biotinylated AGAGRDKYKTLRQIR, Tufts University) with 2 mM ATP for 1 h in reaction buffer. The reaction was stopped by the addition of 20 mM EDTA. 100 l of reactions were transferred to a 96-well streptavidin-coated plate (R&D Systems) and allowed to bind for 30 min followed by extensive washing with 1ϫ TBS containing 0.02% Tween.
Plates were then incubated with anti-phospho-ezrin/radixin/ moesin antibody (Cell Signaling Technology) diluted 1:1000 in blocking buffer (10 mM MOPS, pH 7.5, 150 mM NaCl, 3 mM NaN 3 , 0.025% Tween 20, 0.2% gelatin, 2% BSA) for 1 h followed by extensive washing with TBS/Tween. Plates were developed by incubation for 30 min with an anti-rabbit IgG-europium conjugate (PerkinElmer Life Sciences) diluted 1:5000 in blocking buffer followed by extensive washing in TBS/Tween and finally the addition of DELFIA enhancement solution (Perkin Elmer Life Sciences). Plates were read in an Envision reader (PerkinElmer Life Sciences) on a europium setting.
Adenoviral constructs and infection
IRAK4 constructs of the WT, D329A, and R12C compound variant containing C-terminal FLAG tag were cloned into pVQAd CMV K-NpA vector (Viraquest, North Liberty, IN). Adenovirus was produced under contract by Viraquest (North Liberty, IN). IRAK4-null human dermal fibroblasts were infected at various multiplicities of infection in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum for 72 h. Immunoprecipitation of FLAG-tagged overexpressed proteins and Western blotting of protein complexes were performed as described above and in previous publications (7, 11) .
Immunoprecipitation of endogenous IRAK4
Primary human neonatal foreskin dermal fibroblasts were obtained from Zen-Bio and were cultured in dermal fibroblast growth medium (Zen-Bio catalog no. DF-1) and passaged every 2 days at a dilution of 1:5. Cells were stimulated for the indicated times with 2 ng/ml recombinant IL-1␤ (R&D Systems catalog no. 201-LB-005) and subsequently lysed in lysis buffer containing 1% Triton X-100, 20 mM Hepes, 100 mM NaCl. Lysates were precleared for 1 h with protein G-Sepharose beads (Sigma catalog no. P3296) and immunoprecipitated overnight with a sheep polyclonal anti-IRAK4 antibody (University of Dundee, catalog no. S522C) complexed with protein G-Sepharose beads (Sigma, catalog no. P3296). Beads were washed with lysis buffer three times, eluted by boiling in Laemmli sample buffer, and subjected to Western blotting as described above and previously (7, 11) .
Quantification of IL-6 and CXCL8 (IL-8) transcripts
Primary neonatal dermal fibroblasts (Zen-Bio) were treated with either DMSO or 200 nM PF-06650833 and stimulated with 2 ng/ml IL-1␤ for 6 h. RNA was isolated using a Qiagen RNeasy minikit (Qiagen catalog no. 74106) as per Qiagen protocol. Briefly, 100 ng of RNA was utilized for a reverse transcriptase reaction and subsequent real-time quantitative PCR, using the Taqman RNA-to-Ct 1-step kit (Thermo Fisher Scientific catalog no. 4392656). Validated Taqman probes for RPLP0, IL-6, and IL-8 were obtained from Life Technologies. Ct values for IL-6 and IL-8 were normalized to RPLP0 and subsequently normalized to time 0.
Cytokine determination
IL-6 and IL-8 were determined from cell culture supernatants of human dermal fibroblasts treated with 2 ng/ml recombinant human IL-1␤ (R&D Systems, catalog no. 201-LB) for the indicated time. Supernatants were analyzed using the 4-plex pro-inflammatory II kit (Mesoscale Discovery) and developed according to the manufacturer's instructions. Statistical significance was determined by one-way analysis of variance (GraphPad Prism). 
